Rothmund-Thomson syndrome (RTS) is a rare autosomal recessive disorder characterized by poikiloderma, small stature, sparse hair, skeletal abnormalities, increased risk of osteosarcoma, and decreased bone mass. To date, there has not been a comprehensive evaluation of the prevalence and extent of metabolic bone disease in RTS. Furthermore, the mechanisms that result in this phenotype are largely unknown. In this report, we provide a detailed evaluation of 29 individuals with RTS with respect to their metabolic bone status including bone mineral density, calcium kinetics studies, and markers of bone remodeling. We show that individuals with RTS have decreased areal bone mineral density. Additionally, we demonstrate that the presence of pathogenic variants in RECQL4 and low bone mineral density correlate with the history of increased risk of fractures. Using a RECQL4-deficient mouse model that recapitulates skeletal abnormalities seen in individuals with RTS, we demonstrate that generalized skeletal involvement is likely due to decreased osteogenesis. Our findings are clinically relevant as they may help in the risk stratification of patients with RTS and also in the identification of individuals who may benefit from additional surveillance and management of metabolic bone disease.
Introduction
Rothmund-Thomson syndrome (RTS) is a rare autosomal recessive disorder that presents with involvement of multiple organ systems. Although the manifestations are variable, typical features include a characteristic skin rash called poikiloderma that appears in infancy, sparse hair, proportionate small stature, gastrointestinal disturbances, skeletal anomalies, and a significantly increased risk for developing osteosarcoma and skin cancers (1, 2) . RECQL4, which encodes an ATP-dependent DNA helicase, is the only known gene associated with RTS. Pathogenic variants in the gene are found in nearly two-thirds of affected individuals, designated as Type 2 RTS (3). The causative gene(s) for Type 1 RTS, which lacks pathogenic variants in RECQL4, has not yet been described.
Skeletal abnormalities have previously been described in individuals with RTS as well as in mouse models of RECQL4 deficiency that recapitulate the human bone phenotypes (4) (5) (6) (7) . We have previously reported that a majority (75%) of individuals with RTS have some form of skeletal abnormalities including radial aplasia or hypoplasia, synostoses, abnormal metaphyseal trabeculation, brachymesophalangy, and patellar defects (8) . In addition to these localized skeletal anomalies, osteopenia, pathologic fractures, and delayed fracture healing have also been observed, suggesting that loss of RECQL4 function may lead to a more systemic skeletal involvement (1, (8) (9) (10) (11) . Low areal bone mineral density (aBMD) in individuals with RTS could be due to multiple factors including a central role of RECQL4 in bone development, nutrient deficiencies due to gastrointestinal and feeding issues, and limited exposure to sunlight. Low aBMD and its associated risk for pathologic fractures can add to the significant morbidity in this disorder. However, to date, a systematic evaluation of bone remodeling, aBMD, history of fracture, and mechanisms underlying the metabolic bone disease in RTS has not been performed. Here, we report on a detailed investigation of metabolic bone disease in 29 individuals with RTS. Furthermore, using a murine model of RTS that recapitulates human skeletal disease (Prx1-Cre tg/þ ; Recql4 fl/fl ), we show that decreased osteogenesis contributes to the generalized skeletal involvement in RTS.
Results
Twenty-nine individuals with RTS (13 males, 16 females) were enrolled in this study. The study population included both children (n ¼ 20; median age 5 years) and adults (n ¼ 9; median age 36 years). Eighteen had pathogenic variants in both alleles of RECQL4; two had a heterozygous pathogenic variant (Type 2 RTS: n ¼ 20); and nine had no detectable pathogenic variants (Type 1 RTS: n ¼ 9) (Table 1) .
Areal bone mineral density and fracture risk in RTS
Densitometric measurements were obtained from 22 individuals (13 pediatric and 9 adult). aBMD is the most widely used diagnostic measure to assess the risk for fracture and is a surrogate measure for biomechanical strength of bone (12, 13) . aBMD was assessed at the whole body, lumbar spine, total hip, and femoral neck ( Table 1 ). The median Z-scores (interquartile range) for aBMD-for-age at the various sites were: À1.3 (À1.6 to À0.4) in children and À0.9 (À1.2 to 0.94) in adults for whole body; À2.4 (À2.9 to À1.7) in children and À1.2 (À1.8 to 0.1) in adults at the lumbar spine; À1.5 (À2.4 to À0.2) in children and À0.7 (0.1 to À1.5) in adults at total hip; and À2.4 (À3.3 to À1.1) in children and À0.8 (À1.5 to 0.3) in adults at the femoral neck. The median aBMD-for-age Z-scores at all sites were statistically lower (P < 0.01) than the population reference value of zero ( Fig.  1A and B) , and the distribution was negatively skewed as compared to the expected distribution in the general population ( Fig. 1C to F) . The proportion of individuals with low bone density in RTS as defined by aBMD-for-age Z-score < À2.0 was significantly elevated from the expected ratios in the general population. More importantly, this feature was statistically significant (P< 0.05) irrespective of the site of aBMD measurement; 55, 37, 24, and 16% of the study population met the criteria for low aBMD at the lumbar spine, femoral neck, total hip, and whole body sites, respectively.
The diagnosis of osteoporosis in the pediatric population requires both aBMD-for-age Z-score À2.0 and a clinically significant fracture history (14) . Since the proportion of individuals with Z-scores À2.0 in this cohort was significantly elevated, we specifically collected information about the presence or absence of fractures and total number of fractures. The fracture data comprised self-reported information by the subjects or their parent(s). In most cases, radiographs were not available to confirm the history of fractures. Forty five percent of children (9/20) and 67% (6/9) of adults reported at least one fracture by the time of enrollment (Table 1) . Among the subjects with at least one reported fracture, 67% (10/15) reported two or more fractures. Whereas the cross sectional nature of the study and the wide age range of participants precludes calculation of fracture incidence, the fact that most adults enrolled in the study reported fractures in adulthood and two subjects reported greater than 10 fractures in their lifetime suggests that there is clinically significant increase in bone fragility in RTS.
The presence of pathogenic variants in RECQL4 has been previously been correlated with a severe bone phenotype in RTS (8, 15) . We therefore investigated the potential risk factors for fractures. The association of RECQL4 mutation status and whole body and lumbar spine aBMD-for-age Z-scores with the number of fractures at the age of enrollment was assessed by the multivariate Poisson regression model (Supplementary Material, Table S1 ). The age and height of the subjects were incorporated in the analysis model. RECQL4 mutation status (P ¼ 0.0001) and lumbar spine aBMD-for-age Z-score À2.0 (P ¼ 0.0006) were found to be statistically associated with the number of fractures. On average, when compared to another person of the same age and height, the presence of a RECQL4 mutation in an individual increased the number of fractures by about five fold (RR 5.32, 95% CI 2.27-15.68, Supplementary Material, Table S1 ). Similarly, a lumbar spine aBMD-for-age Z-score À2.0 in a person increased the number of fractures by about three fold (RR 3.16, 95% CI, 1.76-5.77). These data suggest that low bone mineral density is not only an important phenotypic manifestation of RTS but is also associated with a history of an increased risk for fracture.
Evaluation for causes of low aBMD
Abnormalities of calcium homeostasis due to dietary problems in RTS or decreased vitamin D synthesis due to limited sun exposure to avoid skin cancer are potential contributing factors to the low BMD. We hence measured markers that are involved in the regulation of calcium homeostasis. Serum levels of calcium, magnesium, phosphorus, and parathyroid hormone were within the normal age-adjusted limits in all subjects (Supplementary Material, Table S2). However, the level of 25-hydroxy vitamin D was low (<30ng/ml) in 52% (13 of 25) of subjects; amongst these individuals, 54% (7/13) had levels in the insufficiency range (20-30 ng/ml), and 46% (6/13 subjects) had levels in the deficiency range (<20 ng/ml). This prevalence of vitamin D deficiency, however, is comparable to the general population in the US, wherein nearly two-thirds have low vitamin D levels (16) (17) (18) .
To further determine if abnormalities in calcium metabolism in RTS could be contributing to the low aBMD, particularly with respect to deposition in the bone, 13 individuals underwent calcium kinetic studies (19, 20) . The parameters assessed in the calcium kinetic studies included the size of the exchangeable calcium pool in bone (EP) and the rate of calcium deposition in (21) bone (V 0 þ) (19) . The median age of participants in this substudy (6 males, 7 females) was 8 years (range 1-49 years). DXA scans were performed in eight individuals who participated in calcium kinetic studies. The median whole body aBMD-for-age Z-score in these individuals was À1.26 (IQR 0.9 to À1.4) and median lumbar spine aBMD-for-age Z-score was À2.4 (IQR À0.2 to À3.1). EP and V 0 þ were found to be within the age-adjusted normal ranges for all subjects (Table 2 ) (21-24).
Low aBMD is typically a result of alteration in the balance between the rates of bone formation and resorption. To assess the bone remodeling status, we measured plasma levels of osteocalcin, a marker of osteoblastic activity and bone formation, and urinary levels of collagen N-telopeptide (NTX) corrected for creatinine, a marker of bone resorption (25) (26) (27) . For individuals older than six years at the time of study, age-appropriate normalized values were used as the reference range for osteocalcin and NTX. In individuals six years of age or younger, where reference ranges have not been established, we used the 7-9-year age range reference values. Osteocalcin was elevated in only one individual, while it was low in 26% (6/23). NTX was not elevated in any individual, but was low in 17% (4/24) of subjects (Supplementary Material, Table S2 ).
Ablation of Recql4 in skeletal progenitor cells leads to low bone mass in mice
In order to test whether the low bone mass phenotype in RTS is specifically due to a primary skeletal developmental defect, we analyzed conditional knockout mice with loss of Recql4 in the skeletal progenitor cells (6) . We generated these mice by breeding mice with floxed alleles of Recql4 with transgenic mice expressing Cre-recombinase under the paired-related homeoboxgene-1 (Prx1) promoter. We chose to use this specific conditional model because the skeletal anomalies observed in this murine model closely mimic those observed in humans with RTS (6) . We have previously demonstrated that mice lacking Recql4 in skeletal progenitor cells (Prx1-Cre tg/þ ; Recql4 fl/fl ) exhibited foreshortened limbs, digit defects, craniosynostosis, and growth plate defects at birth (6) . In this study, we assessed the postnatal bone development in these mutant mice. As the Prx1-Cre transgene is not expressed in the vertebral bone (28) , femora were used to study the postnatal bone development. (Fig. 2B, Table 3) ; the trabecular thickness (Tb.Th) appeared to be similar to control mice (Fig. 2B , Table 3 ). In addition, Prx1-Cre tg/þ ; Recql4 fl/fl mice also showed more than 50% reduction of cortical bone area, and significantly reduced cortical thickness (Fig. 2B , Table S3 ). These data suggest that loss of Recql4 in the skeletal progenitor cells causes reduced osteoblast number and reduced osteoid, which could contribute to the low bone volume in these mice.
Discussion
RTS is a rare autosomal recessive disorder caused by deficiency of RECQL4, a DNA helicase belonging to the family of RecQ helicases (29, 30) . It is one of the three Mendelian human conditions resulting from deficiency of RecQ helicases, the other two being Bloom syndrome and Werner syndrome. Individuals with RTS exhibit significant phenotypic variability in terms of both spectrum and severity of clinical features, which include small stature, pokilodermatous skin rash, sparse hair, hyperkeratosis, dental abnormalities, gastrointestinal disturbance, and propensity for developing cancer (1, 15, 31, 32) . Interestingly, nearly three-fourths of individuals with RTS have developmental skeletal abnormalities including absent or malformed bones, radial ray defects, and synostoses, whereas at least a fourth have osteopenia detected on skeletal surveys and history of childhood fractures (1, 8) . Using conditional knockout models of RECQL4 deficiency in the early skeletal progenitor cells (Prx1-Cre RECQL4 led to increased activity of p53. This enhanced p53 activity led to decreased cell proliferation and increased apoptosis resulting in developmental anomalies of the skeleton (6). However, to date, the extent and the mechanisms behind the more generalized metabolic bone phenotype and low bone density in patients with RTS have not been systematically investigated. In this study, we conducted a detailed clinical investigation of the bone phenotype in 29 individuals with RTS. The strengths of the study are that it is the largest study to date evaluating metabolic bone disease in individuals with RTS; the assessments including DXA and calcium kinetic studies were performed in a single institution using validated methods; and the human phenotypes we observed were concordant with the mechanistic studies performed in the genetic mouse model. While many RTS individuals had aBMD within the normal ranges (> À2.0), the median aBMD Z-scores at all sites were lower than the population reference value of zero and the distribution of aBMD was negatively skewed. These data suggest that individuals with RTS are indeed predisposed to having a lower bone mass. Detailed clinical and laboratory evaluation, including calcium kinetic studies, did not reveal any abnormalities of calcium or mineral metabolism. Markers of bone remodeling were within normal ranges in most subjects, but in about a fifth of the individuals, osteocalcin or NTX levels were below the lower limit of normal. These results suggest that a low bone turnover state may be a cause of the low bone density in RTS. Concordantly, our studies in a murine model of RTS showed that mice with loss of Recql4 in skeletal progenitor cells had reduced osteoblast numbers and osteoid surface resulting in lower bone mass in both the cortical and lamellar bone. Ng and colleagues have also shown that RECQL4 is required for osteoblast expansion (5) . Our previous studies demonstrated that RECQL4 deficiency led to increased p53 activity (6) . p53 has been shown to be a negative regulator of osteoblastogenesis (33,34). Table 3 and Supplementary Material, Table S3 . Values are expressed as mean 6 SD. n ¼ 6 for both groups.
It is thus likely that the low bone density in RTS is secondary to decreased osteoblast numbers and function. Self-reported fracture history was used to identify potential correlates of fracture in our RTS patient population. Even though this is the largest cohort of individuals with RTS to have evaluation of bone mass, the sample size and the power of the study are limited given the rarity of the disorder. Therefore, these analyses should be considered exploratory. RECQL4 mutation status and lumbar spine aBMD Z-score < À2.0 correlated with fracture risk. This finding of correlation of RECQL4 mutation status is consistent with our previous work, which demonstrated that presence of detectable pathogenic variants portends a more severe bone phenotype (8, 15) . Interestingly, lumbar spine aBMD greater than À2.0 was predicted to decrease the fracture risk in our cohort of individuals with RTS. This raises clinically important questions of how to monitor and treat the metabolic bone disease in RTS.
Based on our results, we recommend assessment of aBMD in individuals with RTS (14) . DXA is a safe and non-invasive technique, and thus a baseline assessment of aBMD would be reasonable in all individuals with RTS; however, the frequency and interval for repeat testing is not known. The question of how to monitor and treat individuals with low BMD in RTS is rather difficult to address. Generally, in children with predisposition to genetic forms of low bone mass and increased bone fragility, the primary measures to optimize bone health include nutritional measures -calcium and vitamin D supplementation in particular, and physical activity. The normal calcium kinetic studies in RTS show that there is normal incorporation of calcium into the matrix, and thus vitamin supplementation consistent with recommended daily intake are reasonable to use rather than higher doses.
Pharmacotherapy to increase aBMD and decrease fracture risk generally involves treatment with antiresorptive agents that inhibit activity of osteoclasts and decrease bone resorption, or anabolic agents that stimulate bone formation. Bisphosphonates, synthetic analogs of pyrophosphate, and denosumab, a monoclonal antibody against RANKL are the more commonly used antiresorptive medications in adults with osteoporosis. Whereas the treatment guidelines for adults with osteoporosis have been established, the indications, timing, duration, risks, and benefits of bisphosphonate therapy in children are unclear (35) . Bisphosphonates have been repurposed for the treatment of pediatric forms of osteoporosis (35, 36) . Generally, pharmacotherapy in children would be considered in the following situations: 1) children with low bone density and history of fragility fracture of long bones or vertebral fractures; and 2) children without fractures in whom quality of life would be significantly impacted by fracture. We recommend that patients or care providers keep detailed records of fracture history, including site and type of fracture, reason for fracture, healing time, and fracture-associated complications. Such history would be useful in determining whether bisphosphonate therapy would be warranted. Teriparatide is the only bone anabolic agent that is currently approved for human use by the Food and Drug Administration. Preclinical toxicological studies with teriparatide showed increased incidence of benign bone tumors and osteosarcomas with prolonged use (37, 38) . Though human experience has not revealed any obvious association between teriparatide and osteosarcoma, given the significantly elevated risk of osteosarcoma in RTS, this medication would be best avoided (39) .
The findings of this study are to be taken in the context of the limitations of the data set. First, this was a cross sectional study on a limited study population. One time measurement of aBMD, irrespective of the accuracy of the machine and the expertise of the operator, is less informative than serial measurements. We do not have longitudinal data on subjects to show the change in aBMD with age and thus cannot make any conclusions on whether the decreased osteogenesis in RTS translates into reduced peak bone mass. Second, individuals with RTS are typically below the 5 th percentile for height, and thus ageadjusted Z-scores may overestimate the magnitude of low bone mass. One way to address this would be to try to normalize the bone mineral content and density to height. Although this could be done using mathematical models, the applicability especially in a genetic form of low bone mass is unknown. Moreover, sexand age-adjusted Z-scores are the typical parameters reported on clinical DXA reports, and thus we chose to use these parameters for statistical analyses. Third, with the varied ages of the patients and the absence of information on hormonal status, we could not assess the effect of puberty on bone mass. Fourth, the fracture history was self-reported and could not be confirmed by the radiographs or medical records for all subjects.
Thus, any such retrospective data are subject to recall bias. Overall, the results of this study have important implications for follow-up and management of low bone mass in RTS. We recommend a baseline DXA at time of diagnosis in order to establish baseline measurement of aBMD. We recommend screening for pathogenic variants in RECQL4 for any potential new patient since RECQL4 status is correlated with a more severe disease phenotype. Supplementation with calcium or vitamin D beyond the recommended daily intake is not warranted. A detailed history of fractures should be maintained. Bisphosphonates should be considered for the treatment of individuals with history of multiple fractures, particularly involving long bones or vertebral fractures.
Materials and Methods

Human subjects
The Institutional Review Board for Human Subject Research at Baylor College of Medicine, Houston, TX reviewed the study protocol and approved all study procedures.
Twenty-nine individuals with a clinically confirmed diagnosis of RTS were enrolled after signing informed consent to participate in the study. Research procedures were performed at the General Clinical Research Center at Texas Children's Hospital, Houston, TX. Medical history was collected by interview and review of medical records. Fracture history was obtained from questionnaires administered to the subjects or their parents. Laboratory analyses including complete blood count, serum chemistries, 25-hydroxy vitamin D, intact PTH, osteocalcin, and urinary collagen N-telopeptide were performed in the CLIA-and CAP-certified clinical diagnostic laboratory of Texas Children's Hospital, Houston, TX. RECQL4 molecular testing was performed in the Medical Genetics Laboratory of Baylor College of Medicine, a CLIA-certified laboratory (n ¼ 25); four individuals (Subjects 17, 21-23) had sequencing done in the research laboratory in a research laboratory (L.L.W.) prior to clinical availability in a CLIA-certified commercial laboratory.
Densitometry analyses
Twenty-two individuals had aBMD assessed by DXA using a Hologic Delphi-A instrument (Bedford, MA) at the Body Composition Laboratory of the Children's Nutrition Research Center, Houston, TX, which has extensive experience in measuring bone density and have performed over 16,000 DXA scans (40) (41) (42) (43) . Scans were performed of the whole body, lumbar spine, and proximal femur. Bone mineral content (BMC), bone area, and BMD were measured using Hologic Discovery V12.1 analysis software. For adult subjects, BMD Z-scores of the whole body, lumbar spine, left total hip, and left femoral neck were calculated using the Hologic Reference Database. Due to limitations in this for the pediatric population, validated age-and sex-matched control data from the pediatric population generated by the Body Composition Laboratory of the Children's Nutrition Research Center, Houston, TX were used to calculate the Z-scores for pediatric subjects as previously published (40) . Height-for-age and weight-for-age Z-scores were calculated using the World Health Organization reference data for children younger than two and for children and adults older than two, the Centers for Disease Control reference data was used (44, 45) . Percentile values for soft tissue parameters are based on gender-and ethnicity-specific normative data for subjects eight years of age or older, obtained from the National Health and Nutrition Examination Survey (NHANES) (46) . References are available for Fat Mass Index (FMI: Fat Mass/Heightˆ2) as well as for Lean Mass/Heightˆ2. The NHANES reference data were modeled using the LMS curve fitting technique proposed by Cole, and the subsequent age-based LMS factors are used to produce the percentile results for each DXA scan (47) .
Calcium kinetics studies
The calcium kinetic studies were performed as described previously (19, 21) . Subjects consumed breakfast and 180 ml of calcium-fortified orange juice to which 20 mg of 46 Ca stable isotope was added. The total dietary intake of calcium with breakfast was 300 mg. Immediately after breakfast, subjects received 5 mg of 42 Ca intravenously. Serum samples for calcium isotope ratio measurements were obtained at 6, 12, 20, 40, 120, 180, 240, and 480 minutes after the infusion. A 24-h urine collection was obtained on the day of calcium administration (Day 1) after which urine aliquots were collected every 8 hours for another 24 hours (Day 2). Spot urine samples were collected daily for the next five days (Days 3-8) . (23) . Subjects received a food scale and instructions for recording their dietary intake (i.e., weighed food record) for three days starting on Day 2. Nutrient intakes were analyzed by the study dietitian (KH) using Nutrient Data Systems for Research software developed by the Nutrition Coordinating Center, University of Minnesota, Minneapolis, MN.
The compartmental model used for calcium kinetics was adapted for use in children and adolescents, as described previously (22) . This model is based on three sequential pools before calcium deposition in the "deep" bone calcium pool. The mass of the third compartment is referred to as the exchangeable pool of bone (48) . Bone calcium deposition rate is the rate of calcium flow to the final pool. Data were modeled with the use of the SAAM (Simulation, Analysis and Modeling) program. The ratio of Voþ and Ep was determined as a rate constant to evaluate the activity of the exchangeable calcium pools (48) . Endogenous fecal excretion of calcium was estimated as 1.5 mg/kg/day (49) . lCT analysis mCT scanning of mouse femora was performed using a mCT-40 system (Scanco Medical, Wayne, PA, USA) with an isotropic voxel size of 16 mm. For femoral trabecular bone analysis, the region of interest (ROI) of control femora was manually contoured in 75 slices proximal to the distal femoral growth plate. For Prx1-Cre þ ; Recql4 fl/fl mutants, the number of slices was reduced according to the length of mutant femora which was determined from the top of the femoral head to the bottom of the medial condyle. The trabecular parameters, including BV, TV, BS, connectivity density (Conn.D), Tb.N, Tb.Th, and Tb.Sp were determined using the Scanco software with a threshold value of 210 (50) . For femoral cortical bone analysis, the ROI of control femora was contoured in 50 slices at the femoral midshaft, and the number of slices was reduced according to the length of mutant femora. The cortical parameters, including total crosssectional area (Tt.Ar), Ct.Ar, Ct.Th, and polar moment of inertia were determined using Scanco software.
Generation of mouse model of RTS
Bone histomorphometry
Non-decalcified femoral bone samples from Prx1-Cre þ ; Recql4 fl/fl mice and control littermate mice were embedded in methacrylate and sectioned. Distal femoral metaphyses were used for histomorphometric analyses. von Kossa and van Gieson staining were used to quantify mineralized bone parameters including BV, BS, and OS. Toluidine blue staining was used to quantify osteoblast numbers, and tartrate resistant alkaline phosphatase (TRAP) staining was used for osteoclasts.
Statistical methods
Continuous variables were summarized by mean and standard deviation, or if appropriate, median and range or interquartile range. Categorical data were tabulated and summarized. Exact binomial test was used to determine if the proportion of patients with BMD 2.0 was significantly different from the expected 2.5%. The number of fractures from birth to the time of enrollment can be reasonably assumed to be distributed as Poisson with age as the time index. Hence, the Poisson regression model was used to analyze the number of fractures with potential risk factors including sex, RECQL4 mutation status, whole body, and lumbar spine aBMD Z-scores. The aBMD Z-scores were dichotomized by À2.0 and > À2.0. Due to the importance of age and height at the time of enrollment for determination of aBMD z-scores, they were always included in the model fitting process. The standard step-wise model fitting process for the univariate and multivariate models was analyzed using R (R Foundation for Statistical Computing, Vienna, Austria). In the mouse study, unpaired, two-sided Student's t-test was used to compare continuous measurements between two groups. P values less than 0.05 were considered to be statistically significant.
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